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SUMMARY 
The i g n i t i o n  delay t imes o f  benzene and to luene w i t h  oxygen d i l u t e d  i n  
argon were i n v e s t i g a t e d  over a wide range o f  cond i t i ons .  For benzene t h e  con- 
c e n t r a t i o n  ranges were 0.42 t o  1.69 percent f u e l  and 3.87 t o  20.3 percent oxy- 
gen. 
were 1 .7  t o  7.89 atm. S t a t i s t i c a l  evaluat ion o f  t h e  benzene experiments pro- 
v ided an o v e r a l l  equat ion w i t h  a 20 confidence l e v e l  as fo l l ows :  





W I T = 1 .26x10-15exp( 40 6oo/RT)[C6H6]0*42[02]-1 .70 [A r ]o .44  SeC 
For to luene t h e  concentrat lon ranges were 0.5 t o  1.5 percent f u e l  and 
4.48 t o  13.45 percent oxygen. The temperature range was 1339 t o  1797 K and 
the  r e f l e c t e d  shock pressures were 1.95 t o  8.85 atm. The o v e r a l l  I g n i t i o n  
delay equat ion f o r  to luene a f t e r  a s t a t i s t i c a l  eva lua t i on  reads 
T = 5.28x10-15exp( 55 ~ 9 ~ / R T ) [ C ~ H ~ ] 0 ~ 5 5 [ O ~ ] - 1  *38[Ar]o*35 sec 
De ta i l ed  experimental i n fo rma t ion  i s  provided. 
INTRODUCTION 
The o x i d a t i o n  k i n e t i c s  o f  benzene and to luene has been stud ied s ince t h e  
e a r l y  1970's. Despi te t h e  t ime t h a t  has elapsed, t h e  number o f  experimental 
i n v e s t i g a t i o n s  has remained r e l a t i v e l y  low, and t h e  k i n e t i c  path o f  t he  
aromatic r i n g  o x i d a t i o n  process has not been success fu l l y  explained. 
One o f  t h e  f i r s t  o x i d a t i o n  mechanisms f o r  benzene was proposed by Asaba 
( r e f .  1 ) .  According t o  t h i s  mechanism, phenyl r a d i c a l s  a re  formed from ben- 
zene, which reacts  t o  g i v e  b iphenyl  molecules, and these were supposed t o  be 
the  precursors o f  soot.  The ox ida t i on  steps t h a t  Asaba proposed were i n d e c l -  
s lve,  and he assumed t h e  format ion o f  a phenyl peroxy r a d i c a l  i n  the  process 
of t h e  r i n g  opening. 
Kern ( r e f .  2) ,  who i n v e s t i g a t e d  benzene p y r o l y s i s  w i t h  a mass spectrometer 
hooked t o  the  shock tube, found ne i the r  phenyl r a d i c a l s  nor b iphenyl  r a d i c a l s  
and molecules t o  be formed i n  the  process. Although t h e  l ack  o f  phenyl t r a c e  
*Technion - I s r a e l  I n s t i t u t e  o f  Technology, Dept. o f  Aeronaut ica l  
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was blamed on t h e  l o w  s e n s i t i v i t y  of Kern 's  system, t h e  u n a v a i l a b i l i t y  o f  
b iphenyl  species seems r e a l .  
Glassman ( r e f .  3) ,  who inves t i ga ted  the  o x i d a t i o n  o f  benzene I n  a f l o w  
reac tor ,  proposed a mechanism by which t h e  benzene i s  t ransformed t o  f i v e -  
membered-ring intermediates,  such as cyclopentadiene, which cont inue t o  decom- 
pose. 
This  I n v e s t i g a t i o n  presents new exper imental  da ta  on i g n i t i o n  delay t imes 
f o r  benzene-oxygen-argon and toluene-oxygen-argon mixtures.  Although i g n i t i o n  
delay t imes a re  crude in fo rma t ion  and nonspec i f i c  o f  any d i s t i n c t  occurrence 
i n  the  ox ida t i on  k i n e t i c s ,  i g n i t i o n  delay experiments a re  bas ic ,  h i g h l y  repro-  
duc ib le ,  and Instrument independent. Because o f  t h e i r  p o s i t i v e  p roper t i es  and 
desp i te  t h e i r  drawbacks, i g n i t i o n  delay experiments a re  popular  among computa- 
t i o n a l  k i n e t i c i s t s  and are  used ex tens i ve l y  f o r  approval  o f  k i n e t i c  schemes. 
EXPERIMENTAL PROCEDURE 
A s i n g l e  pulse shock tube was used i n  the  experiments. 
made o f  s ta in less  s t e e l  p ipe, was f l a t t e n e d  t o  a 6.35- by 6.35-cm ( 2 . 5 -  by 
2.5-in.) square tube w i th  rounded corners.  
a l l  i n s i d e  surfaces. The dump tank was loca ted  a t  t he  end o f  t h e  d r i v e r  sec- 
t i o n  and separated from i t  by an aluminum diaphragm. A second aluminum d i a -  
phragm separated the d r i v e r  and the  d r i v e n  sect ions.  The two diaphragms were 
b u r s t  by an a u x i l i a r y  sho r t  shock tube. 
diaphragm t h a t  was b u r s t  by a hand p lunger .  
The shock tube, 
The tube was honed and po l i shed on 
This sho r t  shock tube had a t h i r d  
The shock speed was measured over two separate i n t e r v a l s  w i t h  th ree  pres- 
A quar tz  pressure 
sure transducers whose s igna ls  were fed  t o  a dual-channel d i g i t a l  osc i l loscope.  
The shock speed was measured w i t h  an accuracy o f  20.1 psec. 
t ransducer was located i n  t h e  s ide  w a l l ,  3 mm f rom t h e  end p l a t e .  This pres- 
sure t ransducer was connected t o  a second dual-channel d i g i t a l  osc i l l oscope  
and was used t o  record and measure the  i g n i t i o n  delay t ime f rom the  pressure 
h i s t o r y  o f  the  gas ( f i g .  1) .  The i g n i t i o n  delay t ime was de f ined as the  t ime 
f rom the  onset o f  t he  r e f l e c t e d  shock wave t o  the  beginning o f  t h e  pressure 
r i s e  a t  i g n i t i o n .  
The mixtures were prepared i n  s t a i n l e s s  s t e e l  tanks a t  345-kPa t o t a l  
pressure by using a separate man i fo ld .  
manometr ical ly and al lowed t o  expand i n t o  preevacuated s t a i n l e s s  s t e e l  tanks.  
H igh -pu r i t y  argon was used t o  p ressur ize  the  tank t o  345 kPa. 
were al lowed t o  mix f o r  24 h r  be fore  use. D i f f e r e n t  mix tu res  of h i g h - p u r i t y  
he l ium and argon were used as d r i v e r  gases. 
F isher  S c i e n t i f i c  spec t roscop ica l  grade reagent.  
The gases and vapors were measured 
The mixtures 
The benzene and to luene were  
The r e f l e c t e d  shock temperatures were ca l cu la ted  f rom standard 
conservat ion equations and the  Ideal-gas equat ion o f  s t a t e  by assuming frozen 
chemist ry .  
( r e f s .  4 and 5 ) .  
A l l  t he  thermodynamic data used were taken f rom new COmpilationS 
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RESULTS 
Two sets  o f  independent experiments were performed: one w i t h  benzene and 
the  o ther  w i t h  to luene. F i ve  mixtures (A t o  E )  were used f o r  benzene bu t  on ly  
th ree  ( A  t o  D )  f o r  to luene ( t a b l e  I ) .  Eighty  shocks were performed f o r  benzene 
and 54 f o r  to luene.  The mix tu res  were  prepared so t h a t  power dependencies 
cou ld  be de l ineated  f rom an emp i r i ca l  i g n i t i o n  delay equat ion:  
T = 10-Xexp( +E/RT)[Fuel]a[02]b[Ar]c sec 
I n  each o f  the  performed shocks t h e  mix tu re  composi t ion and i n i t i a l  p roper t i es  
were known. The postshock experimental p roper t i es  were the  r e f l e c t e d  tempera- 
t u r e  T5,  the  dens i t y  r a t i o  p 5 / q ,  and t h e  i g n i t i o n  delay t ime T .  The 
experiments were spread over a wide temperature range f o r  maximum s e n s i t i v i t y  
t o  the  determinat ion o f  t h e  so-ca l led a c t i v a t i o n  energy. 
l i n e  f i t  was drawn through t h e  experimental po in ts  t o  he lp  i n  v i s u a l i z i n g  the  
f o l l o w i n g  explanat ion.  
An eyebal led s t r a i g h t -  
I n  a l o g  T versus 1/Ts graph f o r  benzene ( f i g .  2) mix tu res  B and 
C show a f o u r f o l d  d i f f e r e n c e  i n  oxygen concentrat ion.  The d is tance between the  
l i n e s  i s  1.1 l o g  T u n i t s .  
Theref ore 
l o g  T B  = a log(1.35494 [C6H6]) + b 10g(5.093% [02])  + C l og [A r ]  
l o g  TC = a log(1.35494 [C6H6]) + b lOg(4X5.093% [02])  + C log [Ar ]  
Sub t rac t i ng  l o g  T B  f rom l o g  TC and d is regard ing  the  smal l  
d i f fe rences  i n  argon concentrat lons we ge t  
b = A[ log T ( c - B ) ] / ~ o ~  4 = -1.1/0.6 = -1.82 
A p l o t  o f  l o g  T versus 1/T5 was then made f o r  se r ies  A and E o f  
benzene t o  get  the  argon power dependence ( f i g .  3 ) :  
l o g  lA = a log(1.6994 [C6H6]) + b log(12.675K [021) + c log(86.63594 [ A r l )  
l o g  rE = a log(3.28x0.51694 [C6H6])  + b log(3.28x3.86894 [02 ]  
t c log(3.28x95.61694 [A r ] )  
Sub t rac t i ng  l o g  TA f rom l o g  TE we ge t  b [ l o g  T ( E - A ) ]  = 0 . 3 3 .  
Therefore c = 0.64. 
Groups A and D o f  benzene d i f f e r e d  f o u r f o l d  i n  f u e l  concent ra t ion  ( f i g .  4 ) .  
Here A[ log T ( A - D ) ]  = 0.166 and a = 0.28. 
d i f f e r e d  t h r e e f o l d  i n  f u e l  concentrat ion ( f i g .  5 ) .  Thus a = 0.45. F o r  groups 
B and D o f  to luene ( f i g .  6) the d i f f e rence  between the  mix tu res  was t h r e e f o l d  i n  
oxygen concent ra t ion  and A[ log T(B-D)]  = 0.72. Thus b = -1.50. I n  the  
same way c was found t o  be approximately 0.22 ( f i g .  7 ) .  
Groups A and 6 o f  to luene a l so  
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This d iscuss ion exp la ins  why the  mixtures were chosen as they were and how 
t h e  experiments were  performed. We found, however, t h a t  a s t a t i s t i c a l  approach 
t o  the  determinat ion o f  a, b, and c was more appropr ia te  and more accurate 
s ince  i t  could take i n t o  cons idera t ion  such f a c t o r s  as p5/pl and d i f f e rences  
i n  argon concentrat ion between t h e  gas mix tu res .  These f a c t o r s  were neglected 
i n  the  graph ica l  p resenta t ion  i n  f i g u r e s  2 t o  7. The s t a t i s t i c a l  r e s u l t s  g iven  
below p o i n t  out  t h a t  t h e  absence of these f a c t o r s  changed the  r e s u l t s  obta ined 
I n  the  graph ica l  form. 
l o g  I3 versus 1/T5 ( f i g .  8 )  f o r  a maximum acceptable spread o f  3u. The 
c o r r e l a t i o n  was found w i th  a s t a t i s t i c a l  S tudent 's  t program. 
Seventy-eight experiments were used t o  make the  o v e r a l l  benzene p l o t  of 
For ty-n ine experiments were used t o  make t h e  o v e r a l l  to luene p l o t  o f  
l o g  R versus l / T 5  ( f i g .  9) f o r  a maximum acceptable spread of 2a. 
0.5550. 07[021-1 .38+0.07 0.3520.08 
T = 1 0-1 4'2781to*388exp( 55 09021 250/RT) [ C7Ha] [ A r  1 
These reduced o v e r a l l  i g n i t i o n  delay equat ions a re  i n  good agreement w i t h  t h e  
graph ica l  analys is  presented i n  f i g u r e s  2 t o  7. 
benzene and toluene experiments a re  shown i n  tab les  I 1  and 111, respec t i ve l y .  
The data gathered f rom t h e  
CONCLUDING REMARKS 
The l i t e r a t u r e  conta ins a r e l a t i v e l y  smal l  amount o f  exper imental  evidence 
on benzene and toluene i g n i t i o n  delay shocks. 
o f  experiments i s  n o t  c l e a r .  A l l  f o u r  papers t h a t  descr ibe  i g n i t i o n  delay 
measurements are quoted i n  reference 6: 
( r e f s .  7, 8, and l o ) ,  and th ree  w i t h  to luene ( r e f s .  8 t o  10) .  The range of 
exper imental  t e s t  cond i t ions  and t h e  r e s u l t s  a r e  g iven i n  t a b l e  I V .  
The reason f o r  t h e  smal l  number 
t h r e e  experiments d e a l t  w i t h  benzene 
Only one of t he  i n v e s t i g a t i o n s  has reduced t h e  da ta  I n  a form s i m i l a r  t o  
t h e  present study. However, any comparison would be o f  quest ionable value 
because o f  d i f f e r e n t  l oca t i ons  f o r  t h e  pressure t ransducer used t o  de tec t  t h e  
i g n i t i o n  delay.  It has been shown ( r e f .  11) t h a t  l o c a t i n g  t h i s  t ransducer f a r  
from the end p l a t e  r e s u l t s  i n  a considerable change i n  the  detected power and 
temperature dependence. 
REFERENCES 
1. F u j l l ,  N. ;  and Asaba, T . :  Shock-Tube Study of t h e  React ion o f  Rich 
Mixtures o f  Benzene and Oxygen. Four teenth Symposium ( I n t e r n a t i o n a l )  on 
Combustlon, The Combustion I n s t i t u t e ,  P i t t sburgh,  PA, 1973, pp. 433-442. 
2. Kern, R.D., e t  a l . :  Product P r o f i l e s  Observed During the  Py ro l ys i s  o f  
Toluene, Benzene, Butadlene, and Acetylene. Nineteenth Symposium 
( I n t e r n a t i o n a l )  on Combustion, The Cornbustion I n s t i t u t e ,  P i t t sburgh,  PA, 
1983, pp. 1351-1358. 
4 
3. Venkat, C . ;  B re t fnsky ,  K. ;  and Glassman, I.: High Temperature Ox ida t ion  
of Aromatic Compounds. Nlneteenth Symposium ( I n t e r n a t i o n a l )  on 
Combustion, The Combustion I n s t i t u t e ,  P i t t sbu rgh ,  PA, 1982, pp. 143-152. 
4. Burcat ,  A.: Thermochemical Data f o r  Combustlon Ca lcu la t ions .  Combustion 
Chemistry, w.C. Gardiner, ed., Spr inger-Ver lag, 1984, pp. 455-504. 
5. Burcat ,  A. ;  Zeleznik,  F.; and McBride, 6 . :  I d e a l  Gas Thermodynamic 
Proper t ies  f o r  t h e  Phenyl, Phenoxy, and o-Biphenyl Radlcals.  NASA 
TM-83800, 1985. 
6. Frenklach, M.: Shock Tube Study o f  t h e  Fuel S t r u c t u r e  E f f e c t s  on t h e  
Chemlcal K i n e t l c  Mechanism Responslble f o r  Soot Formations. NASA 
CR-174661, 1983. 
7. Miyama, H. :  I g n i t i o n  o f  Benzene-Oxygen-Argon and Benzene-Oxygen-Nitrogen 
Mix tu res  by Shock Waves. J. Chem. Phys., v o l .  52, no. 7, Apr. 1, 1970, 
pp. 3850-3851. 
8. Miyama, ti.: I g n l t l o n  o f  Aromatlc Hydrocarbon-Oxygen Mix tu res  by Shock 
Waves. 3 .  Phys. Chem., vo l .  75, no. 10, May 13, 1971, pp. 1501-1504. 
9. Matula,  R.A.; and Farmer, R.C.: Combustion K i n e t i c s  o f  Selected Aromatic 
Hydrocarbons. AFOSR-TR-78-1294, June 1978. (AD-A059381.) 
10. Durgaprasad, M.B.: A Shock Tube Study o f  t h e  Ox ida t ion  and P y r o l y s i s  o f  
Some Hydrocarbon Fuels.  Ph.D. Thesis, The U n i v e r s i t y  o f  Leeds, 1982. 
11. Burcat,  A, ;  Farmer, R.F.; and Matula, R.A.: Shock - In i t i a ted  I g n i t i o n  i n  
Heptane Oxygen Argon Mixtures.  Shock Tubes and Waves, C.E. Treanor and 
3.6. H a l l ,  eds., S ta te  U n i v e r s i t y  o f  New York Press, Albany, NY, 1982, pp. 
826-833. 
5 
~ 7 ~ 8  I 02 I Ar 




.497 13.514 85.99 50 15 a . b  
.497 4.476 95.03 150 14 C 
.497 4.476 95.03 50 13 b 
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range, percent percent 
Pressure Ca lcu la ted  Reference 
X E b  
range, 
atm 
1090 t o  1500 
1438 t o  2107 
5.40 t o  7.08 -10.0 42.5 -1 7.8 
2.10 t o  3.39 -7.62 27.2 ---- 10 
~ 
1230 t o  1805 
1193 t o  1700 
1470 t o  2135 
I 
8 4.82 t o  6.70 -10.22 47.3 -1 
2.5 t o  9.7 -17.1 58.8 -1.71 9 
2.15 t o  3.33 -17.26 31.4 -1.4 10 
Figure 1. - Pressu re  h i s to ry  as recorded on dual-channel  d ig i ta l  oscilloscope, with points noted fo r  
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F igu re  2. - Log of igni t ion delay time versus reciprocal reflected tem- 
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Figure 3. - Log of ignition delay time versus reciprocal reflected 
temperature for benzene mixtures A and E, outlining argon 
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Figure 4. - Log of ignition delay time versus reciprocal refleded 
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Figure 5. - Log of ignition delay time versus reciprocal reflected 
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Figure 7. - Log of ignition delay time versus reciprocal reflected tem- 
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Figure 8. - Log p versus reciprocal reflected temperature for benzene ex- 
periments wi th a tolerated spread of 30. p = 1.26~10-15 exp(40 6001RT) 
(crn310. 84 mole-0.84 sec. 
Toluene 
mixture 
O A  
O B  
A D  
-8.0 
.55 .60  .65 . 7 0  
Figure 9. - Log B versus reciprocal reflected temperatur or toluene ex- 
periment with a tolerated spread of 20. f3 = 5 . 2 7 6 ~ 1 O - ~ e x p ( 5 5  0901RT) 
( c m 3 ~ .  mole-0 .a  sec. 
lK5, K 
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6. Abstract 
The i g n i t i o n  delay times o f  benzene and to luene w i t h  oxygen d i l u t e d  i n  argon were 
Inves t i ga ted  over a wide range o f  cond i t ions .  
ranges were 0.42 t o  1.69 percent f u e l  and 3.87 t o  20.3 percent  oxygen. The 
temperature range was 1212 t o  1748 K and t h e  r e f l e c t e d  shock pressures were 1.7 
t o  7.89 atm. S t a t i s t i c a l  eva lua t i on  o f  t h e  benzene experiments prov lded an 
o v e r a l l  equat ion w i t h  a 2a conf idence l e v e l  as fo l l ows :  
For benzene t h e  concent ra t ion  
T = 1 . 2 6 ~ 1 0 - ~ ~ e x p (  40 6oo/RT)[C6H6]0.42[02]-1 - 7 0 [ A r ] o - 4 4  SeC 
For to luene the  concentrat ion ranges were 0.5 t o  1.5 percent  f u e l  and 4.48 t o  
13.45 percent oxygen. 
t e d  shock pressures were 7.95 t o  8.85 atm. 
f o r  to luene a f t e r  a s t a t i s t i c a l  eva lua t i on  reads - . I -  
The temperature range was 1339 t o  1797 K and t h e  r e f l e c -  
The o v e r a l l  I g n i t i o n  delay equat ion 
T = 5 . 2 8 ~ 1  0-1 5exp( 55 090/RT) [ C7H8]o.55[ 021-l *38 [Ar ]o .35  sec 
De ta i l ed  experimental i n fo rma t ion  i s  provlded. 
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